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SUMMARY

1. Permeability-surface area products for the fenestrated capillaries in the perfumed
cat submandibular gland have been measured for graded lipid-insoluble molecules
using the single-passage, multiple-tracer dilution technique.

2. The permeability-surface area for [57Co]cyanocobalamin (mol. wt. 1353) increased
as the perfusion flow was increased, but reached a constant value of 4411 + 0-25 ml.
min-. g-1 (mean + S.E., n = 9) at flows above 8 ml. min-1. g-1. For [1251]insulin
(approximate mol. wt. 6000) it was 1-80 + 0x13 ml. min-'.g-1 (mean + s.E., n = 9)
and apparently diffusion-limited at all the high flow rates studied. A similar per-
meability-surface area product was measured for [14C]inulin (mol. wt. 5500): 1P76 +
0 10 (mean + s.E., n = 4).

3. Permeability-surface area values for cyanocobalamin and insulin in the salivary
gland are respectively about 20 and 200 times larger than the estimates reported
for the continuous capillaries of cardiac and skeletal muscle.

4. The permeability-surface area (PS) ratio [57Co]cyanocobalamin/[125I]insulin
(2.33 + 0*15, mean + S.E., n = 9) was significantly greater than the apparent ratio
of their free diffusion coefficients (1-76), suggesting restricted diffusion of insulin
relative to cyanocobalamin across the capillary endothelium.

5. Permeability-surface area products for the smaller molecular weight tracers
(22Na, 86Rb and 5'Cr-EDTA (mol. wt. 357)) increased continuously with perfusion
rate, indicating flow-limited solute exchange. The PS ratio of Rb/EDTA was close
to unity whereas the corresponding free diffusion ratio is 3-85.

6. The high permeability-surface area values measured were thought to be
associated with the fenestrae which appeared to act as high concentrations of
'small pores' rather than as 'large pores'.

INTRODUCTION

Present understanding of microvascular solute exchange has been obtained largely
from tissues such as skeletal and cardiac muscle, whose capillaries are of the con-
tinuous type. Little, however, is known about the properties of fenestrated capillaries
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(Renkin, 1977). These are found in organs where a rapid exchange of water and
solutes is necessary, such as exocrine and endocrine glands, the mucosa of the
stomach and intestine, and the kidney (Bennett, Luft & Hampton, 1959; Majno,
1965). Lipid-soluble molecules, and to some extent water, are generally believed
to pass through the endothelial cells whereas electrolytes, small lipid-insoluble
solutes and water, may pass between the cells through interendothelial junctions
representing the 'small pore' system (Yudilevich & Alvarez, 1967; Alvarez & Yudile-
vich, 1969). Protein transport across capillary membranes probably occurs by micro-
pinocytotic vesicles which may represent a 'large pore' system (Grotte, 1956).

In electron microscopic studies of rat skeletal muscle capillaries, Simionescu,
Simionescu & Palade (1973, 1975) showed that myoglobin (effective molecular radius,
ae = 1-7 nm) and two microperoxidases (ae = 1 nm) were excluded from the inter-
cellular clefts while in the intestine, a large fraction of the fenestrae permitted the
passage of ferritin, dextran and glycogen particles of 5-15 nm radius (Simionescu,
Simionescu & Palade, 1972). It remains uncertain whether the high permeability of
fenestrated capillaries is due to a large number of 'small pores', an increase in the
proportion of 'large pores' or an increase in the size of the 'small pores'. However,
the presence of fenestrations in the capillary endothelium is not associated with
an increased permeability to macromolecules (Ganrot, Laurell & Ohlsson, 1970).

Tracer dilution studies on the permeability of fenestrated capillaries have been
confined to a limited range of probe molecules. In the fenestrated capillaries of the
dog gastric wall mucosa, permeability coefficients for Na and mannitol (Alvarez &
Yudilevich, 1967) were found to be several times larger than those in cardiac or
skeletal muscle (Yudilevich, Renkin, Alvarez & Bravo, 1968). Similarly, Freis,
Schnaper, Rose & Lilienfield (1958) and Crone (1963) have demonstrated a high
capillary permeability to inulin in the kidney.
The submandibular salivary gland of the cat has fenestrated capillaries and this

organ has the advantage that its autonomic nerves are accessible and that its
vascular supply and drainage can be isolated. Furthermore, a great deal is known
about other aspects of its physiology which enables data concerning capillary
permeability to be fitted into a wider context.
The technique adopted in the present experiments was that of single-passage,

multiple-tracer dilution (Chinard, Vosburgh & Enns, 1955; Crone, 1963; Martin de
Julian & Yudilevich, 1964). A bolus injection of a mixture of isotopes, containing
an intravascular reference tracer and one or more test tracers, is made into the
arterial side of an organ and followed by rapid sequential sampling of the venous
effluent. The permeability-surface area products measured for the fenestrated
capillaries in the cat salivary gland were respectively about 20 and 200 times larger
than the values reported for the continuous capillaries of cardiac and skeletal
muscle.
Preliminary experiments were performed in glands perfused naturally by their

own blood supply (Yudilevich & Smaje, 1976) but the present work utilized glands
perfused at controlled flow rates from 1 to 10 ml. min-'. g' with a Krebs solution
containing 6% bovine serum albumin. Part of this work has been communicated
previously (Mann, Smaje & Yudilevich, 1976, 1977).
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METHODS

Thirty-two cats, of either sex, weighing between 2-2 and 4-0 kg were anaesthetized with sodium
pentobarbitone (Sagatal, May & Baker Ltd) 35 mg/kg i.P., supplemented as necessary via a
cannula in the femoral vein. The trachea and femoral artery were also cannulated and rectal
temperature maintained between 37 and 38 TC using a heated table.

Blood pressure was monitored from a cannula in the femoral artery ('white' 1-65 mm o.d.
Portex nylon i.v., Portland Plastics Ltd, Hythe, Kent) using a pressure transducer (Bell &
Howell 4-326-L212) and registered along with other parameters on a Devices M19 pen recorder.

Saliva was collected from a cannula placed in the submandibular duct above the point where
it is crossed by the chord lingual nerve (see Darke & Smaje, 1972) and its flow rate measured
by a photoelectric drop recorder.

Nerve 8timulation. The chorda lingual nerve was dissected as described previously (Darke &
Smaje, 1972) and stimulated using a shielded electrode with square waves of 2 msec duration
and supramaximal voltage (5-10 V) at 8 Hz.

Is8oktior of the right 8ubmandibular gland. All branches of the carotid artery were tied except
the submandibular and lingual arteries and the latter was cannulated with a short length of
1-02 mm o.d. nylon tubing for the isotope injections. All veins draining into the external
jugular vein were also tied except for the submandibular vein (see Fig. 1). The jugular vein
was cannulated and the outflow led by PVC tubing to a swivel device that allowed the outflow
to pass to a drop counter or into a fraction collector.

Gland8 with a natural circulation. In six glands perfused naturally by their own blood supply
the parasympathetic nerve was stimulated supramaximally (Mann, Smaje & Yudilevich, 1979b)
to provide flows comparable to those in the perfused glands described below. The capillary
permeability data from these experiments were then compared with that from artificially
perfused glands. When total blood flow was recorded, the plasma flow was calculated by cor-
recting the flow for the glandular venous haematocrit: 36 + 3-7 % (mean ± S.D., n = 10).

In situ artificial perfusion. In twenty-six experiments the gland was perfused with a Krebs-
albumin solution through a 'red' nylon Portex cannula (1-65 mm o.d.) in the peripheral end
of the common carotid artery. All tubing was filled with heparin-saline (10 i.u./ml. in 0-9% NaCl)
and the cat was heparinized (1000 i.u./kg. i.v.) before cannulating any of the blood vessels
near the gland.
The perfusate had the following composition (m-mole/l.): NaCI, 93; KCI, 4-8; K1H2PO, 1-2;

MgSO,. 7H20, 1-2; NaHCO2, 50; CaCl2, 2-5 and D-glucose, 11-1. Bovine serum albumin (Cohn
Fraction V, Sigma Chemical Co. Ltd, Surrey) was added to make a final concentration of
60 g/l. The increased concentration of NaHCO3 was necessary to bring the pH to 7-4 because
of the acidity of the albumin and the decreased NaCl concentration to maintain isotonicity.
Unlabelled insulin (3-6 i.u./l., Wellcome), prepared from ox pancreas, and cyanocobalamin
(1 mg/l., Cytamen, Glaxo Laboratories Ltd, Greenford) were added to the filtered perfusate
when the radioactive tracers, [l25I]insulin and [57Co]cyanocobalamin, were studied. At these
concentrations of unlabelled insulin and cyanocobalamin the possibility of tracer insulin or
cyanocobalamin binding to albumin or tissue receptors was considered to be negligible (Mann,
Smaje & Yudilevich, 1978). After gassing the perfusate with 95% 02/5% CO2 for 1 h the pH
was between 7-3 and 7-4 and the osmolality ranged from 290 to 293 m-osmole. During an
experiment, the perfusate was continually oxygenated with 95% 02/5% CO2 using the system
designed by Coulsen & Rusy (1973) for the isolated perfused rabbit heart. A centrifugal pump
(Little Giant Pump Co., Okla. City, Okla., U.S.A.) was used to recirculate the perfusate through
a Bunsen pump which prevents the frothing commonly found when oxygenating proteinated
Krebs solutions.
The perfusion reservoir was immersed in a thermostatically controlled water bath maintained

at 40 'C. The perfusate was delivered to the gland at flows between 0-5 and 10 ml. mini . g`l
using a Harvard peristaltic pump and warmed just before it entered the carotid cannula by means
of a glass heating coil surrounded by a water jacket at 40 'C. Perfusion pressure was monitored
via a three-way tap on the carotid cannula. When a desired constant flow rate was obtained
the outflow tube from the external jugular vein was placed over the fraction collector and the
sequence of isotope injection and perfusate collection begun. In between experimental runs
the perfusion rate was reduced to 1-2 ml. min-'. g-1 and the effluent passed to waste.
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The addition of unlabelled insulin to the perfusate apparently improved the condition of the
gland, as during parasympathetic nerve stimulation at 8 Hz the salivation rate increased from
340 ± 38 fll./min (mean + S.E., n = 13) to 726 ± 149 /Al./min (mean ± S.E., n = 7) in the presence
of insulin. The latter rate was not significantly different from that observed in glands with
a natural blood supply.

Cannulated submandibular duct

Stimulator

Chorda lingual I Submandibular gland
nerve Submandibular artery

Ad ~~~~~~~~Isotope mixture
(Hamilton gas-tight syringe) Stepping motor

Common carotid arter

+ Perfusion inflow

External jugular vein r Wash cannula

Perfusion outflow Perspex fraction collector

Collection vial

Fig. 1. Schematic diagram of the in 8itu isolated cat submandibular gland. In glands
with a natural blood supply the common carotid artery was left intact while all other
arteries except the lingual and submandibular arteries were tied. Isotope mixtures
were injected automatically using a Hamilton gas-tight syringe operated by a stepping
motor. Following an isotope injection the venous effluent from the submandibular
gland was washed into a thirty sample fraction collector (see text for details).

Isotope injection system. An automatic system was devised and built for the injection and
timing of the isotope collection. The plunger of a Hamilton gas-tight syringe model 1001 LT
(supplied by V. A. Howe & Co. Ltd, London) was replaced by a screw thread which was
rotated by a stepping motor (Sigma series 20 no. 2215D200-Fl.5, supplied by Unimatic Engineers
Ltd, London) using a sliding couple. The stepping motor was activated by a preset timing
circuit and the system delivered 50 /A. of isotope mixture in 1 sec. As the mixture was used
repeatedly, the cannula in the lingual artery was not flushed out between experimental runs,
thus eliminating any dead space problems. The isotope syringe was shielded by a 1 cm thick
lead core heated to 37 0C by an incorporated heating coil controlled by the circuit described
by Diete-Spiff, Ikeson & Read, 1962).

Fraction collector. Following a close-arterial injection of an isotope mixture, the venous
effluent was collected at regular intervals (0.3-1.0 sec) in 7 ml. Panax EG-type vials fitted into
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a fraction collector taking thirty samples (see Fig. 1). The fraction collector was triggered from
a timing circuit either before or with the isotope injection to allow for collection of an adequate
number of background samples. The glandular outflow was washed into the fraction collector
by a water jet delivered from a roller pump at 12 ml./min through a cannula welded onto the
stainless-steel outflow cannula. The tip of the wash cannula was 2 mm beyond that of the
outflow cannula which provided for a continuous effluent stream. Both the outflow dilutor
and the fraction collector were started simultaneously from a preset timing circuit. A micro-
switch stopped both the collector and dilutor after thirty samples were collected, and the
perfusate was then returned to waste.

Radioactive tracer molecules and counting procedures. All isotope mixtures contained an
'impermeant' intravascular reference tracer (6"Cr-labelled red blood cells, 131I- or 125I-labelled
serum albumin) and one or more 'permeant' test tracers (22Na, 8'Rb, 5"Cr-labelled ethylene-
diamine-tetraacetate (EDTA), [67Co]cyanocobalamin, cyano[G*-3H]cobalamin, [126I]insulin
and ["4C]-inulin). G* is the standard nomenclature for a generally labelled compound.

Table 1 lists some of the physical properties related to permeability for the different tracer
molecules used.

TABLE 1. The molecular weight, Stokes-Einstein radius (nm) and free diffusion coefficient in
water at 37 OC (D, cm2/sec x 10-5) for the different lipid-insoluble tracer molecules studied

Stokes-
Einstein D (H2O 37 0C) x 10-5

Molecule Mol. wt. radius (nm) cmM/sec Reference*

22NaCl 22 0-23 1-80 (5)
8'6RbCl 86 0-24 2-70t (4)
["5Cr]EDTA 357 0-47 0-70 (2)
[67Co]cyanocobalamin 1353 0-84 0-39 + 0-004 (2)
[L4C]inulin 5500 1-48 0-221 + 0-008 (2)
[125I]insulin 5807$ _ (3)
["3I]serum albumin 69000 3-60 0-085 (1)

* (1), Pappenheimer, Renkin & Borrero (1951); (2) Paaske & Sejrsen (1977); (3), Documenta
Geigy, 7th ed. (1970); (4), American Institute of Physics Handbook. New York: McGraw
(1957); (5), Renkin (1977).

t Indicates the free diffusion coefficient for Rb at 37 °C in water, calculated from the value
of 2-1 at 25 00 using a 2.4% increase per degree.

$ The molecular weight quoted for human insulin in a monomeric form, Nicol & Smith
(1960).

All isotopes were obtained from the Radiochemical Centre, Amersham. The two main mixtures
used were: (i) [126I]albumin, ["5Cr]EDTA, and "8Rb, and (ii) [13'I]albumin, [125I]insulin and
[57Co]cyanocobalamin. Other mixtures were used on occasions and Table 2 summarizes the
composition of all the gamma and beta emitting isotope mixtures used in the present experiments
and specifies for each tracer the radioactive dose used (#zc) and the energy level at which it was
detected (MeV).
The gamma emitting samples were counted for 100 sec in a Panax 3-channel automatic

gamma spectrometer and corrections were made for background and cross-channel contami-
nation. When cyano[G*-3H]cobalamin and ["4C]inulin were included in a mixture with ['lI]-
albumin, the samples were first counted for the gamma activity of 131J and then a 0-1 ml.
aliquot from each sample was transferred into liquid scintillation vials and prepared for beta
counting. The beta samples were stored for 4-6 weeks until the 131I activity had decreased to
nearly background levels.

All radioactive concentrations were expressed relative to the amount of isotope injected,
which was determined from appropriate mixture standards obtained from the injection syringe
in the same manner as for an experimental injection.

Labelling of red blood cells with "LCr. Four ml. of autologous blood were mixed with 1 ml.
acid citrate dextrose (Travenol Laboratories, Norfolk) to prevent blood coagulation. After
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centrifugation the plasma phase was discarded and 10 #ac Na chromate was added to the red
cells. Following 30 min of equilibration at room temperature, the labelled cells were washed
with 0*9% NaCl and centrifuged repeatedly until the supernatant contained a negligible amount
of free 61Cr. The labelled cells were resuspended in 1 ml. unlabelled autologous blood.

TABL 2. Composition of the different gamma and beta emitting isotope mixtures used in the
present experiments. The dose (/tc) in each mixture and the energy (MeV) at which it was
detected is specified for each radioactive molecule

Mixture Dose (ISc) Energy (MeV)

eRb 15 1-08
[r-Cr]EDTA 15 0-320
[126I]serum albumin 10 0 035

'2Na 2 1-28
[51Cr]EDTA 15 0*320
[1II]serum albumin 8 0 035

[6'Cr]EDTA 15 0*320
[67Co]cyanocobalamin 2 0-122
[126I]serum albumin 8 0 035

[67Co]cyanocobalamin 1 0-122
[125I]insulin 1.5 0 035
[18I]serum albumin 0 7 0-346

[67Co]cyanocobalamin 2 0-122
[115I]serum albumin 8 0 035
1LCr-labelled red blood cells 10 0*320

[3H]cyanocobalasmin 35 0-018 (fi)
[1AC]inulin 5 0 156 (fi)
[131I]serum albumin 0 7 0*346

RESULTS

Analysis of indicator dilution curves
Fig. 2A shows simultaneous dilution curves obtained for '3II-labelled serum

albumin, [126I]insulin and [57Co]cyanocobalamin following a rapid close-arterial
injection. The outflow curves for the permeant test solutes ([125I]insulin and [57Co]-
cyanocobalamin) initially lie below the intravascular albumin reference curve, indi-
cating that they have crossed the capillary endothelium. As the extracted solutes
diffuse from the interstitium back into the circulation, their concentration-time
curves rise above that of the reference curve on its downslope. The lower initial
concentrations reflect capillary permeability and the delayed washout of the test
solutes reflects the different volumes in which these molecules distributed them-
selves during a single capillary circulation (Martin de Julian & Yudilevich, 1964).
The capillary extraction (E) of a test solute relative to [1311]albumin may be

determined from E = 1- Ct/Cr, where Ct and Cr are the concentrations of the test
and reference solutes in successive effluent samples. The dilution curves in Fig. 2A
were analysed by plotting the fractional extraction for each test solute as a function
of the accumulated recovery of [1311]albumin, thus weighting the data points for
the reference dose. In Fig. 2B the extraction of [1251]insulin and [67Co]cyanocobalamin
appears relatively constant for the first few samples, but after recovery of about
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50% of the injected [131I]albumin there was a marked downward deflexion of the
extraction curve indicating backflux of tracer from the interstitium into the vascu-
lature. An average initial extraction can be estimated from the first few points in
the extraction curve, however this lends undue weight to the very early points
which represent only a small fraction of the injected dose. Furthermore, for more
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cellular transport for the test molecules. We have previously reported results for
the extravascular volume of distribution for [51Cr]EDTA, [57Co]cyanocobalamin,
[14C]inulin and [1251]insulin (Mann, Smaje & Yudilevich, 1979a) and have demon-
strated cellular uptake of"Rb (Yudilevich & Smaje, 1976) and [57Co]cyanocobalamin
(Mann et al. 1978). In the present paper we confine our results to measurements of
capillary permeability.
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Ct/Cr
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0.4 0.8 1-2
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Fig. 3. Analysis of indicator dilution data for simultaneously injected test tracers.
A, "Rb and [51Cr]EDTA and B, 22Na and [51Cr]EDTA. Fractional capillary extraction
(E) is plotted against the accumulated recovery of [12'I]albumin and reflects E in
successive venous samples. See legend for Fig. 2 for details.

The initial extraction of the labelled molecule (B0) and the flow through the gland
(F) were used to calculate the permeability-surface area product, PS, in which
P is the capillary permeability for the molecule and S is the capillary exchange area

of the organ (Renkin, 1959; Crone, 1963):

PS = -F In (1-EO).
All estimates of PS have been normalized to flow per gram of wet tissue.

Permeability-surface area measurements for [57Co]cyanocobalamin and [125I]insulin
Table 3 summarizes Eo and PS estimates for [57Co]cyanocobalamin and [125I]-

insulin obtained simultaneously in nine paired experiments in four animals at
perfusion flows above 8 ml. min- . g-1. Eo for [57Co]cyanocobalamin (0-36 + 0-02, mean
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+ s.E.) was significantly larger than that for [12I]insulin (0-18 + 0'01, P < 0 001),
and consequently PS for [57Co]cyanocobalamin (4.11 + 025) was significantly larger
than that for [125I]insulin (1-80+0-13, P < 0.001). The last column in Table 3
summarizes the ratio PS [57Co]cyanocobalamin/PS [1251]insulin for the nine paired
experimental runs.

5 22-6 5 23-6 5 10-7

4 4 4

3 A3 3

2 2 2A

c 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
E Perfusion flow (ml. min1. g9')
E

5 t8-7 t12-7 13-7

4 4 4 f
3 3~A3A

22-A 22

2 4 6 8 10 11 2 4 6 8 10 11 2 4 6 8 10 11
Perfusion flow (ml. min-'. 9-l)

Fig. 4. Effect of increasing the perfusion flow on PS measurements for [12'I]insulin
(A) and [57Co]cyanocobalamin (A) in six different animals. The lines through the
data points have been drawn by eye.

The effect of perfusion flow on transcapillary exchange of [57Co]cyanocobalamin
and [125I]insulin in six different animals is illustrated in Fig. 4. Permeability-surface
area for [125I]insulin was always less than that for [51Co]cyanocobalamin and tended
to become independent of perfusion flow at lower flow rates. In contrast it was not
possible to obtain valid measurements of PS using the smaller test molecules, 86Rb,
22Na and [5'Cr]EDTA, since even at the highest flows PS was still increasing.
Therefore, the best estimate of PS obtained for these solutes was still an under-
estimate, as flow rather than diffusion limited their exchange across the capillary
endothelium (Alvarez & Yudilevich, 1969). Fig. 5 summarizes the PS vs. flow
relationship for all the molecules studied. Since the highest perfusion rate approxi-
mated that normally found during maximal parasympathetic nerve stimulation in
glands with a natural blood supply, it was considered unwise to increase the flow
further with the aim of measuring diffusion-limited PS estimates for the smaller,
more permeant solutes.

Table 4 lists the maximum PS values measured for all the tracer molecules
studied in the twenty-six perfused preparations. It is apparent that PS is a decreasing
function of molecular size. For purposes of discussion the Table also lists data reported
in the literature for other tissues.
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Fig. 5. The effect of perfusion flow on PS for lipid-insoluble molecules. Values for
22Na (0), '6Rb (A), [5'Cr]EDTA (A), ['7Co]cyanocobalamin (*) and [12"I]inSulin
(El) were obtained in twenty-six cats. The mean PS for grouped flow ranges is plotted
and the vertical and horizontal bars refer to the S.E. in PS and flow, respectively. The
number of experimental runs is specified for each mean and the remaining data
points reflect single measurements.

Comparison of [l25I]insulin and [14C]inulin as intermediate molecular weight tracers
As indicated in Table 1, [1261]insulin was assumed to be in a monomeric form

with a molecular weight of about 6000. Humbel, Bosshard & Zahn (1972) have
suggested that insulin can aggregate to form polymers but Fredericq (1956) main-
tained that at concentrations below 0-1-0-3 g/l. dissociation to a monomer was
nearly complete. This was tested in the present experiments by comparing the PS
measurement obtained for [1251]insulin with that for [14C]inulin, which has a mean
molecular weight of 5500. As shown in Table 4, PS for [14C]inulin (1-76+0-10,
mean + S.E., n = 4) was not significantly different from that for [125I]insulin (1-80 +
0-13, n = 9). Although inulin itself consists of a spectrum of molecular weights, the
similar PS values and the low concentrations of insulin used (4 x 10-8 M) suggest
that in our experiments [1251]insulin was behaving as a monomer.

Comparison of paired [5lCr]labelled red cell and [l25I]albumin dilution curves
In order to validate the use ofeither [1311] or [125I]albumin as intravascular reference

tracers, simultaneous dilution curves for [125J]albumin and 5'Cr-labelled red cells
were obtained in two glands with a natural blood supply. In these preparations

I a I a I
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the chorda lingual nerve was stimulated supramaximally to increase the blood
flow in order to provide flows comparable with those used in artificially perfused
glands. Fig. 6 shows the simultaneous dilution curves obtained in one of these
experiments. The only difference between the [125I]albumin and 51Cr-labelled red
cell curves is the early appearance of the red cells which is expected on the basis
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Fig. 6. Normalized venous concentration-time curves for 51Cr-labelled red blood cells
(A), [luI]serum albumin (A) and [F7Co]cyanocobalamin (U). Although the mean
transit time, Z, for the labelled red blood cells was less than that of albumin, there was
no significant difference in the respective tracer recoveries.

of axial streaming (Rapaport, Kuida, Haynes & Dexter, 1956; Goldsmith, 1967).
The two curves are similar in shape and the total area under each curve was not
significantly different after a 5 see passage through the gland. In two cats recovery
of 5ICr-labelled red cells was 72 + 7 % of the injected dose and that of [125I]albumin
was 74±+9% (mean+s.E., n = 7).
The injectate for these experiments also contained [r7Co]cyanocobalamin. When

PS for this molecule was estimated using [125I]albumin as the rererence tracer, the
value did not differ significantly from that measured in resting glands perfused
artificially at equivalent flow rates. At a mean plasma flow of 3-8 + 0-2 ml. min-'. g-1,
PS was 2-58 + 0-16 ml. min-1.g"1 (mean + S.E., n = 4) compared to 1-92 + 0-23 ml.
min-'.g-1 (mean + S.E., n = 10, P < 0 10) in perfused glands.

DISCUSSION

The present experiments constitute the first comprehensive study of permeability
in an organ with fenestrated capillaries. The most striking findings are the very
high PS values measured in the cat salivary gland which are some 6-20 times
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those found in the heart but 100-200 times those reported for skeletal muscle
(Table 4).

Theoretically PS can increase with flow either due to an increase in the capillary
surface area with increasing perfusion pressure or due to flow-limited solute exchange
which results in an underestimate of capillary permeability, P. The pooled PS v8.
flow data from twenty-six animals (Fig. 5) and also the data from six individual
experiments (Fig. 4) shows that PS for [57Co]cyanocobalamin can increase with
flow while PS for [1251]insulin remains relatively constant. As PS measurements
for these intermediate-sized solutes were made simultaneously, it seems most unlikely
that capillary recruitment, due to an increase in perfusion pressure, is affecting
our estimate of PS. Instead, our findings suggest that the exchange of [57Co]cyano-
cobalamin at lower flows was partly flow-limited, while that for [125I]insulin was
diffusion-limited. The values for PS given in Table 4 reflect average measurements
obtained in glands perfused at 8-10 ml. minm.g-'.

In the salivary gland, PS measurements for 86Rb, 22Na and [51Cr]EDTA are all
underestimates, as PS was still increasing even at the highest flows used (Fig. 5).
Furthermore, the very high initial extractions obtained for these tracers (Fig. 3)
is good evidence for flow-limited solute exchange (Alvarez & Yudilevich, 1969).
PS only measures a composite permeability-surface area but it seems unlikely

that the difference between the salivary gland values and those for muscle, for
example, can be entirely accounted for on the basis of differences in capillary surface
area. Measurements of the microvascular surface area in the cat submandibular
gland are not available, and therefore we cannot estimate permeability constants, P.

It is interesting to note the similarity between the [14C]inulin PS values in the
salivary gland and the kidney, although Crone's (1963) measurement reflects a single
experiment. In this context it is unfortunate that the extensive work of Chinard
and his colleagues (Chinard et al. 1955; Chinard, Enns, Goresky & Nolan, 1965;
Chinard, 1970) in the kidney is not available for comparison as their data are not
expressed in terms of PS. Another point illustrated in Table 4 is that PS for [57Co]-
cyanocobalamin in the salivary gland is some 20 times that reported for the fetal
endothelium of the guinea-pig placenta (D. L. Yudilevich, B.M. Eaton & A. H. Short,
personal communication) which is known to have open intercellular spaces and
moderately frequent fenestrations (Firth & Farr, 1977).

Comparison of PS and free diffusion ratios .for different test molecules
If permeant molecules in their passage across the endothelium, are only limited

by the fractional membrane area for exchange and not by the actual 'pore size'
the ratio of their PS values should be in proportion to the ratio of their free diffusion
coefficients since PS = A8D/Ax. A. is the effective membrane area, D the free
diffusion coefficient in water at 37 'C and Ax the path length across the membrane
concerned. In the present experiments this is approximately the case for the PS
ratio of EDTA/cyanocobalamin; for Rb/EDTA it is about 1-5, lying well below
the free diffusion ratio; and for cyanocobalamin/insulin it is greater than the free
diffusion ratio (Fig. 7).
A PS ratio close to unity would be expected if solute exchange were occurring

primarily by bulk transport or if both molecules were totally flow-limited. Either
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of these explanations could account for our Rb/EDTA PS ratio. Clearly PS for
8Rb was a gross underestimate and as shown earlier both tracer molecules were
flow-limited. A bulk flow component seems to be unimportant in our experiments
since the PS ratio Rb/EDTA was similar in glands perfused with either 33 g/l.
(open circles) or 60 g/l. (filled circles) bovine serum albumin (Fig. 7A).
Recent studies on the interrelationship between diffusion and convection, as

mechanisms for regulating transcapillary solute exchange, have suggested that
solvent drag effects are minimal compared with the flux by free diffusion (Fleming
& Diana, 1977; Rippe, Kamiya & Folkow, 1978). Further evidence against the
influence of bulk flow in the present experiments is the fact the larger tracer
molecules had a PS ratio close to their free diffusion ratio.
In Fig. 7C the PS ratio cyanocobalamin/insulin is slightly but significantly larger

than the corresponding free diffusion ratio. This is good evidence for restricted
diffusion of [125I]insulin relative to [57Co]cyanocobalamin, however, this conclusion
is weakened by the fact that we had no precise knowledge of the physical constants
for [125I]insulin. It was pointed out earlier that at the concentrations used, [125I]-
insulin was likely to have been in a monomeric form and the similar PS value
obtained for [14C]inulin would certainly support this contention. In the present
study [125I]insulin and [14C]inulin were also found to distribute in a similar extra-
vascular volume (Mann et al. 1979a). It is interesting that the early work of
Bleeham & Fischer (1954) revealed similar washout time constants for insulin
(0.14 min) and inulin (0.23 min) in the isolated perfused rat heart.
Paaske & Sejrsen (1977) recently measured D at 37 00 for cyanocobalamin

(0.39 + 0 004, n = 5, mean + s.E.) and inulin (0.221 + 0*008, n = 5), and hence the
D ratio cyanocobalamin/inulin would be about 1-76. This value is significantly
less than the PS ratio cyanocobalamin/insulin (2-33 + 015, n = 15) measured at
high perfusion rates in the salivary gland. This finding provides a working basis
for estimating a notional pore size for the salivary gland fenestrated capillaries.

Chinard (1970) has stressed the fact that labelled preparations of inulin consist
of a spectrum of molecular weights. Hence, permeability estimates for inulin in
other organs may be biased towards the lower molecular weight fractions. Organs
with continuous capillaries would be more sensitive to this error than the fenestrated
salivary capillaries. To avoid the problems of inhomogeneity associated with inulin
monomeric insulin was chosen as an intermediate molecular size tracer.

Notional pore size for fenestrated salivary capillaries
The formulation for the ratio of the restricted and free diffusion coefficients

(D'/D) proposed by Renkin (1954) and applied by Landis & Pappenheimer (1963)
to biological membranes:

A8 DIP
A = D = (1-a/r)2 [1- 2 la/r+ 2*09 (a/r)3- 095 (a/r)5] (3)

was solved for different pore radii (r) ranging from 6 to 14 nm, assuming a molecular
radius (a) of 0-84 nm for [67Co]cyanocobalamin and 1-48 nm for [125I]insulin. Then,
since the total membrane area, A., the pore area, Ap, and the membrane path
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length, Ax, were identical for the simultaneously injected molecules, from the
expression PS = AD/Ax the following relationship may be written

PS B12 D'B12
D B12 _ D B12
PS insulin D' insulin(
D insulin D insulin

Knowing the molecular radius (a) for cyanocobalamin and assuming that for insulin
is the same as the value for inulin (Table 1), the pore radius (r) can be solved
graphically using eqns. (3) and (4). Based on our paired PS measurements (Table 3)
and the above assumptions, a pore radius estimate of about 12 nm was calculated.
When the restriction of [14C]inulin relative to [57Co]cyanocobalamin is assessed a
pore radius of about 12 nm is again obtained, since PS for unulin (1.76 ml. min-'. g-1)
was similar to that for insulin (180 ml. min-. g-1). This value is similar to the pore
radius of 8-10 nm suggested by Alvarez & Yudilevich (1969) for the continuous
capillaries in the dog heart. Recent calculations for frog mesenteric capillaries result
in a pore size estimate of 5-10 nm (Curry, Mason & Michel, 1976). Our estimate
for the salivary capillaries is certainly smaller than the 35 nm radius estimated for
fenestrations in the salivary glands of the mouse (Takada, 1970), and a 35 nm
pore radius would also be inconsistent with our finding that extraction of albumin
(radius 3-6 nm) was not apparent in a single passage through the gland. Thus, there
must be some form of barrier within the fenestration itself or either side of it.
The morphological studies of Mohamed (1975) confirm this, as in the salivary

gland capillaries of the rabbit, only the occasional fenestra without a diaphragm
allowed the passage of ferritin and thorotrast. The high frequency of fenestrations
and the restricted diffusion of [12'I]insulin in the cat submandibular gland suggest
that fenestrae in general cannot be considered as 'large pores' in the conventional
sense. It seems more likely that they represent 'small pores' as has already been
suggested by Renkin (1977). It is also possible that the actual barrier to solute
exchange lies inside or outside the endothelial cell and that the fenestrae only
provide a larger surface area for diffusion than do continuous capillaries. The
endothelial lining described by Luft (1966) or basement membrane may be the
site of the exchange barrier, but there is no good evidence from the salivary data
for either hypothesis. Whatever the actual site, the fenestrated capillaries of the
salivary gland appear to conform to the pattern of the few other fenestrated organs
studied in exhibiting greater permeability to water and small lipid-insoluble solutes
than continuous capillaries, but having a similar protein permeability.
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